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Abstract: Many plant-derived flavonoids are known for their anti-neuroinflammatory and anti-

lc‘f;edc:tfg; neurodegenerative effects. The fruits and leaves of the black currant (BC, Ribes nigrum) contain
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Currant (Ribes nigrum) Ethanolic anti-neuroinflammatory properties. The reported BC-GTE was found to contain approximately

Gemmotherapy Extract Elicits 133 phytonutrients, making it unique in its composition. Furthermore, this is the first report to
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that adult male Wistar rats, pretreated with the analyzed BC-GTE and assessed after lipopolysac-
charide (LPS) injection, did not show any apparent increase in body size in the microglial cells

was evident. Moreover, no elevated levels of serum-specific TNF-a were observed under the LPS-
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s _ 1. Introduction
This article is an open access article

distributed under the terms and In general terms, research on flavonoids involves the isolation, identification, charac-
conditions of the Creative Commons  terization, and understanding of their functions, along with investigating potential health
Attribution (CC BY) license (https://  benefits associated with their consumption [1]. Flavonoids are an important class of natural
creativecommons.org/ licenses /by / phytonutrients and are well known for their protective effects against neurodegenera-
40/). tion and neuroinflammation [2,3]. The cytokine TNF-a (tumor necrosis factor alpha) is a
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pro-inflammatory molecule of the Thl-class and is known to play a crucial role in brain
development by affecting the development and function of the hippocampus [4]. However,
elevated levels of TNF-a can indicate the presence of inflammation. The neuroprotective ef-
fect of flavonoid-rich foods or drinks has been linked to enhanced neuronal connection and
communication, including an ability to suppress neuroinflammation. These effects have the
potential to promote memory, learning, and cognitive function in the hippocampus [5-7].
Growing evidence suggests that sustained neuroinflammation, caused by microglia acti-
vation, is implicated in the development of several neurological disorders [8]. The black
currant (BC, Ribes nigrum) emerges as a superfood due to its phytonutrient profile and
the associated health effects [9]. Some BC extracts prepared from fruits or leaves could
elicit anti-inflammatory and antioxidant properties, respectively. A study on BC fruit
juice had shown to lower TNF-a gene expression in LPS (lipopolysaccharide) induced
cultured macrophages [10]. Other studies carried out on diet-induced obese mice demon-
strated that a BC fruit extract reduced obesity-induced inflammation in adipose tissue and
splenocytes by lowering TNF-« transcription [11]. Furthermore, BC fruit extract repressed
obesity-associated M1 polarization of both murine and human macrophages by reducing
the expression of pro-inflammatory genes such as TNF-« [12]. The above-mentioned stud-
ies, which mainly focused on in vitro experiments, suggested that BC extracts made from
fruits or leaves had anti-inflammatory properties. However, no clear correlations were
established between the biological effect and the extract-specific phytoconstituent profile,
which remained largely unknown.

Therefore, we have proposed to obtain a BC-GTE that is standardized with respect to
its flavonoid content and antioxidant activity, as these features would greatly facilitate the
reproducibility of experiments. Next, we used a Drosophila melanogaster-based in vivo nutri-
tional test system to assess the BC-GTE effect on viability. Furthermore, to investigate the
anti-neuroinflammatory properties of our BC-GTE, we conducted an in vivo test using rats
(Rattus norvegicus), where lipopolysaccharide was applied to induce inflammation through
microglia activation [13]. The fact that natural flavonoids have anti-neuroinflammatory
properties [14], along with the flavonoid content of the BC-GTE, provided strong justifica-
tion for conducting experiments. Therefore, we examine the effect of BC-GTE pretreatment
on microglia activation and TNF-« production during LPS-induced inflammation.

2. Results
2.1. The BC-GTE Contains Important Flavonoids and Features Relevant In Vitro
Antioxidant Properties

The BC-GTE was subjected to a HPLC-ESI-MS analysis, which detected the presence
of 133 phytonutrients. These phytonutrients were primarily from the flavonoid class of
polyphenols, although other chemical compounds such as carboxylic acids, amino acids, vi-
tamins, alkaloids, esters, terpenes, and others were also identified (Table 1). Our qualitative
analysis of the GTE confirmed the presence of several phytonutrients that are specific to
BC, including acacetin, ampelopsin, apigenin, astragalin, eriodictyol, genkwanin, isorham-
netin, narcissin, naringenin, rhamnetin, sakuranetin, tetrahydroxychalcone, galloylglucose,
phloretin, phlorizin, tetrahydroxy-methoxy chalcone, and abscisic acid. This is the first
time that the presence of these compounds has been confirmed through our analysis. Sur-
prisingly, no anthocyanins could be revealed in the BC-GTE, though others have already
reported their presence in BC fruits. The trigonelline and 4-hydroxy isoleucine were de-
tected in the BC-GTE, while their incidence in the fenugreek (Trigonella foenum-graecum)
was invoked to explain the associated antidiabetic properties [15]. Based on this similar-
ity, it seems logical to predict an antidiabetic property for the BC-GTE, whereas this has
already been confirmed for the fruits of BC [9]. Furthermore, the fact that kynurenic acid
and tryptophan are present in BC-GTE suggests a potential neuroprotective function, as
these compounds have been extensively studied for their implications in brain function
and protection [16]. The identified components that are BC-GTE-specific suggest that its
administration could produce several biological effects. It is also possible that the generated
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Table 1. The phytonutrient profile of BC-GTE.

effects would have either synergistic, cuamulative or even antagonistic features that could
affect the viability of animal/human individuals fed/treated with BC-GTE.

Chemical Classification

Bioactive Compounds

Alkaloids

Amino Acids

Others

Esters

Flavonoids

Flavonoids (Continue)

Kynurenic acid

Trigonelline

4-Guanidinobutyric acid

4-Hydroxyisoleucine

Asparagine

Glutamic acid

Isoleucine or Leucine

Phenylalanine

Proline

Threonine

Tryptophan

Hydroxybenzaldehyde

Indole-4-carbaldehyde

Ethyl gallate

Sinapoyl-methoxyphenol

Acacetin

Ampelopsin (Ampeloptin, Dihydromyricetin)
Apigenin

Astragalin (Kaempferol-3-O-glucoside)

Catechin

Chrysoeriol

Dihydrokaempferol (Aromadendrin, Katuranin)
Dihydroxy-dimethoxyflavone isomer 1
Flavonoids (Continue)Dihydroxy-dimethoxyflavone isomer 2
Dihydroxy-dimethoxyisoflavan
Dihydroxy-methoxyflavanone-O-hexoside isomer 1
Dihydroxy-methoxyflavanone-O-hexoside isomer 2
Dihydroxy-trimethoxyflavone isomer 1
Dihydroxy-trimethoxyflavone isomer 2
Epicatechin

Epigallocatechin

Eriodictyol

Genkwanin (Apigenin-7-O-methy]l ether)
Hydroxy-dimethoxyflavone
Hydroxy-tetramethoxyflavone (Retusin)
Hydroxy-trimethoxyflavone (Salvigenin)
Hyperoside (Quercetin-3-O-galactoside, Hyperin)
Isoquercitrin (Hirsutrin, Quercetin-3-O-glucoside)
Isorhamnetin

Isorhamnetin-3-O-glucoside
Isorhamnetin-3-O-rutinoside (Narcissin)
Isorhamnetin-O-hexoside isomer 1
Isorhamnetin-O-hexoside isomer 2
Isorhamnetin-O-hexoside-O-pentoside
Kaempferol

Kaempferol-3-O-rutinoside (Nicotiflorin)
Kaempferol-O-hexoside
Kaempferol-O-hexoside-di-O-deoxyhexoside
Kaempferol-O-hexoside-O-pentoside-O-deoxyhexoside
Kaempferol-O-pentoside

Luteolin

MyricetiFlavonoids (Continue)n




Molecules 2023, 28, 3571

40f17

Table 1. Cont.

Chemical Classification

Bioactive Compounds

Flavonoids (Continue)

Carboxylic Acids

Myricetin-3'-O-glucoside (Cannabiscitrin)
Myricetin-3-O-rutinoside
Myricetin-O-(malonyl)glucoside
Myricetin-O-arabinoside

Myricetin-O-xyloside

Naringenin

Naringenin-6,8-di-C-glucoside
Pentahydroxyflavanone

Pentahydroxyflavanone isomer 1
Pentahydroxyflavanone isomer 2
Pentahydroxy-methoxyflavon-O-hexoside isomer 1
Pentahydroxy-methoxyflavon-O-hexoside isomer 2
Pentahydroxy-methoxyflavon-O-rutinoside
Prodelphinidin B

Prodelphinidin C isomer 1

Prodelphinidin C isomer 2

Prodelphinidin C isomer 3

Prunin (Naringenin 7-O-glucoside)

Quercetin

Quercetin-3-O-rutinoside-7-O-glucoside
Quercetin-di-O-hexoside
Quercetin-O-(acetyl)hexoside
Quercetin-O-(coumaroyl)hexoside
Quercetin-O-hexoside-di-O-deoxyhexoside
Quercetin-O-hexoside-O-pentoside-O-deoxyhexoside
Quercetin-O-pentoside isomer 1
Quercetin-O-pentoside isomer 2

Rutin (Quercetin-3-O-rutinoside)

Sakuranetin (4',5-Dihydroxy-7-methoxyflavanone)
Taxifolin (Dihydroquercetin)
Tetrahydroxychalcone (Butein)
Tetrahydroxy-dimethoxyflavone isomer 1
Tetrahydroxy-dimethoxyflavone isomer 2
Tetrahydroxy-dimethoxyflavone-O-hexoside isomer 1
Tetrahydroxy-dimethoxyflavone-O-hexoside isomer 2

Tetrahydroxy-dimethoxyflavone-O-hexoside-O-deoxyhexoside

Tetrahydroxyflavanone-O-hexoside
Tetrahydroxyflavone-O-(pentosyl)hexoside
Trihydroxy-dimethoxyflavone
Trihydroxy-methoxyflavone
Trihydroxy-trimethoxyflavone-O-hexoside
Trihydroxy-trimethoxyflavone-O-hexoside isomer 1
Trihydroxy-trimethoxyflavone-O-hexoside isomer 2
Caffeic acid

cis-Aconitic acid

Dihydroxy-methoxybenzoic acid isomer 1
Dihydroxy-methoxybenzoic acid isomer 2

Ferulic acid

Hydroxyhexadecanoic acid (hydroxypalmitic acid)
Jasmonic acid

trans-Aconitic acid

Tuberonic acid

a-Linolenic acid

5-O-p-Coumaroylnigrumin

Carboxylic Acids (Continue)Caffeoylglucose isomer 1
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Table 1. Cont.

Chemical Classification

Bioactive Compounds

Carboxylic Acids (Continue)

Terpenes

Vitamins

Caffeoylglucose isomer 2

Caffeoylglucose isomer 3

Chlorogenic acid (3-O-Caffeoylquinic acid)
Chryptochlorogenic acid (4-O-Caffeoylquinic acid)
Coumaroyl-glucose isomer 1
Coumaroyl-glucose isomer 2
Coumaroyl-glucose isomer 3
Coumaroylquinic acid isomer 1
Coumaroylquinic acid isomer 2
Coumaroylquinic acid isomer 3
Feruloylquinic acid isomer 1
Feruloylquinic acid isomer 2
Feruloylquinic acid isomer 3
Galloylglucose isomer 1

Galloylglucose isomer 2

Neochlorogenic acid (5-O-Caffeoylquinic acid)
Phloretin

Phlorizin (Phloridzin)
Tetrahydroxy-methoxy chalcone

Tuberonic acid glucoside

Abscisic acid (ABA)

Geranylgeraniol

Adenine (B4)

Nicotinic acid (Niacin, B3)

Pyridoxine (B6)

Riboflavin (B2)

Noticeably, our study indicates that the flavonoids are the most numerous phytonu-
trients in the BC-GTE since we could identify about 80 of them, comprising both non-
glycosidic and glycoside types. The most important non-glycosidic flavonoids are luteolin,
quercetin, and apigenin, which together quantitatively represent 91.7% of all flavonoids,
whereas the presence of kaempferol looks diminished (see Table 2 and Figure 1). Notewor-
thy, the BC-GTE showed relevant in vitro antioxidant properties as demonstrated by all
four methods used (see Materials and Methods Section).
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Figure 1. The HPLC chromatogram of BC-GTE. 1 = quercetine, 2 = luteolin, 3 = kaempferol, 4 = apigenin.
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Table 2. BC-GTE flavonoid content and antioxidant activity.

BC-GTE Flavonoids Content BC-GTE Antioxidant Capacity
Total N . . Superoxid Xanthin-
Flavonoids Eﬁng/igﬁ K[a en}}r)iir]ol [I;lt(;(r)llil] ?I;lel}cgir]l FRAP! CUPRAC! Radical Oxidase
[mg/mL] & HE & & Inhibition>  Inhibition 3
0.82 £0.013  0.152 £ 0.002 3.9 +£0.04 0.34 £0.003  0.26 £ 0.003 672 £7.1 4565 + 48.8 4512 + 49.6 41 +04
18.5% 41.5% 31.7%

1 mM TE/100 mL extract. 2 uM TE/100 mL extract. 3 mg AE/mL extract.

2.2. The BC-GTE Does Not Feature Cytotoxicity in the Case of Drosophila melanogaster

To assess the putative viability or cytotoxic properties of the BC-GTE, we have used
a Drosophila melanogaster-based nutritive test system where embryos of the same age and
genotype were put on OM and NM culture conditions supplemented with the BC-GTE
at different concentrations (see Materials and Methods). Therefore, by mixing 0.5 mL,
1mL, 2mL, 3 mL, and 4 mL of BC-GTE stock solution with 4 mL of OM or NM culture
media, we were able to assess the BC-GTE-generated effect at concentrations such as 11,
20, 33.3, 42.8, and 50%. The OM represented a dietary condition that did not provide
nutrients to support the larval development of fruit flies, and consequently, the hatched
first-instar larvae would die instantly due to the lack of nutrients. Interestingly, when the
OM contained 11% and 20% of BC-GTE, no 2nd instar larvae were observed in the culture
vessels, suggesting that the extract was not able to cover the nutritional requirements of the
early phase of larval development (Figure 2). However, when 33.3%, 42.8%, and 50% of
BC-GTE concentrations were applied in the case of the OM condition, we could observe
the adult-specific survival rates increasing from 4% to 11% and 18%, respectively. The
surviving fruit fly adults showed normal body sizes, and no variegating white phenotype
was visible for the wm4h strain. This suggests that the BC-GTE did not affect the expression
of the white gene. Noteworthy, increasing the BC-GTE concentrations over 50% did not
yield higher adult viability in combination with the OM. Furthermore, we also assessed
the effects of the above-mentioned BC-GTE concentrations among the NM type of dietary
conditions. The normal medium is considered to provide the optimal (standard) nutrient
composition for the larval development of fruit flies. When the NM was supplemented
with the BC-GTE, it did not significantly affect the about 30% viability level of the wm4h
individuals. These observations indicate that under normal dietary conditions, the BC-GTE
does not have any effect on enhancing viability, but in the case of OM dietary restrictions,
it may provide some support to the development of fruit fly larvae. Taken together, we
must conclude that the BC-GTE does not feature cytotoxicity and should contain relevant
nutrients for larval development. It should be noted that in our evaluation of several
GTEs for their nutritional properties on a OM-based diet, we observed that all extracts
containing tryptophan, an essential amino acid, were able to support the development of
fruit fly larvae to adulthood to some extent, as shown in unpublished results by Mathé E.
Besides the rich phytonutrient profile, the nutrition-based viability tests all indicate that the
BC-GTE is a fairly complex matrix that requires thoughtful examination if the associated
biological effects are to be assessed.

2.3. The BC-GTE Contains Many Phytonutrients with Reported Anti-Inflammatory and
Neuroprotective Properties

Several previously published studies indicated that flavonoids possess important
anti-inflammatory properties [14]. In the following, we will consider some of the most
relevant flavonoids identified in BC-GTE with regard to their proven physiological ef-
fects. The luteolin could activate M2 and suppress M1 macrophages [17]. It suppressed
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) [18], p53 [19],
and phosphoinositide 3-kinases/protein kinase B (PI3K/Akt) [20] signaling pathways in
inflammation-associated pathological conditions. The positive implication of quercetin in
regulating macrophage activation and M1/M2 polarization was revealed [21,22], while
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the LPS counteracting anti-inflammatory effect was also identified [23,24]. Apigenin was
found to have anti-inflammatory properties when microglia were stimulated by LPS, as
it induced the glycogen synthase kinase-3 beta/nuclear factor erythroid 2-related fac-
tor 2 (GSK3p /Nrf2) signaling pathway [25] and modulated the expression of enzymes
involved in the tryptophan/kyneurin pathway [26]. Kaempferol was shown to exert
neuroprotective [27] and anti-neuroinflammatory [28] properties, and it would reduce
the interleukin-1f (IL-1f)-induced inflammation by suppressing the NF-«B pathway [29].
Rutin and naringenin are two flavonoids identified at low concentrations in BC-GTE. Rutin,
which is a glycoside of the flavonoid quercetin, was shown to have a strong protective
effect in the case of neurodegenerative diseases [30], and it is also appreciated for its
anticancer, anti-diabetic, and antimicrobial properties [31]. The compound naringenin
had protective effects in the case of liver diseases [32]. Additionally, it has demonstrated
neuroprotective [33] and anti-diabetic [34] properties.
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Figure 2. Effects of exposure to different concentrations of BC-GTE on the survival of Drosophila
melanogaster. Abbreviations: OM-zero media, NM-normal media; (****) p < 0.0001 zero media vs.

normal media group. The values are mean &+ SEM, n = 1000.

Further to flavonoids, another numerous category of phytonutrients seen in the BC-
GTE is the one with different carboxylic acids (CA). Interestingly, the most extensively
studied compounds in this group have been found to possess anti-inflammatory properties,
such as caffeic acid, which has been shown to be relevant for intestinal inflammation [35]
and metabolic syndrome [36]. Other CAs found in BC-GTE were the ferulic acid, with anti-
inflammatory and neuroprotective roles [37], while the jasmonic acid, showing structural
similarity to prostaglandins, was able to inhibit inflammation through several mecha-
nisms [38]. Chlorogenic acid was also identified in the BC-GTE, and its neuroprotective
role was associated with anti-oxidant and anti-inflammatory mechanisms [39]. It has been
demonstrated that, in combination with other plant-derived bioactive compounds such
as epigallocatechin-3-O-gallate, resveratrol, and curcumin, it could alleviate neurodegen-
erative diseases [40]. Among the BC-GTE identified Cas, we should also mention that
a-linolenic acid, which is an omega-3 type of fatty acid, has many experimentally proven
health benefits, including neuroprotection [41].

It is essential to notice that the multiple anti-inflammatory effects reported in the
case of individual flavonoids and carboxylic acids have not been thoroughly reviewed.
Nevertheless, the presence and combination of these phytonutrients strongly indicate that
the BC-GTE might possess neuroprotective and/or anti-inflammatory properties.
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2.4. The BC-GTE Pretreatment Overcomes the Swelling of Rat Microglial Cell Body, following
LPS Activation

After observing the absence of cytotoxicity in vivo through Drosophila melanogaster-
based tests, as well as the significant flavonoid content and relevant in vitro antioxidant
activity, we decided to investigate the anti-inflammatory potential of the BC-GTE. For this
purpose, we utilized the rat (Rattus norvegicus)-specific LPS-induced neuroinflammatory
model, which is widely accepted in the field of inflammation research (for review, see [42]).
Firstly, in this pilot study, we aimed to measure the acute response of the peripheral immune
system to LPS administration in rats. It was previously described that the concentrations
of cytokines and chemokines markedly increased after 3 h via 1 mg/kg body weight LPS
administration [43]. Our second aim was to study microglia activation in the rat brain, and
we decided on the 72 h time point after LPS injection. It has already been demonstrated
that mice infected with live E. coli showed microglial activation 72 h post-inoculation,
with increased cell number in the cortex, hippocampus, and thalamus as compared to
controls. At 72 h, flow cytometry of microglia from E. coli-infected mice showed increased
cell size [13,44]. Interestingly, in many rodent-based experiments, peripheral inflammatory
stimuli such as the LPS could activate microglial cells and increase the TNF-a level in
the brain. These are features that are specific for neuroinflammation [13,45]. It is well
documented that activated microglial cells play a determinative role in brain inflammation,
leading to the swelling of the microglial cell body, thickening of proximal processes, and
reduction in distal ramifications [46]. These phenomena can be seen in the case of aging
and neurodegenerating brains too [47,48].

Having in mind that we were able to reproduce the above-described neuro-inflammatory
scenario, we designed another experimental setup where, before the LPS injection, the rats
received ad libitum water with BC-GTE (see Materials and Methods). Analyzing the hip-
pocampal CA1 area of the rats 72 h after LPS injection, we observed a significant reduction in
the body size of microglia in the case of BC-GTE pretreatments compared to controls (p < 0.001;
Figure 3). The LPS-injected control animals had significantly greater body sizes compared to
the non-LPS-induced saline group (p < 0.01), an effect that indicates the inflammatory potential
of the LPS. Moreover, no significant differences are apparent among all samples regarding
the microglia number and the thickening of the proximal processes of microglial cells in all
analyzed samples (Figure 3). Therefore, our observations are suggesting that the pre-treatment
with BC-GTE could efficiently prevent/suppress the microglial activation-induced swelling of
the cell body in the hippocampus upon the LPS-induced neuroinflammation.

2.5. The BC-GTE Pretreatment Leads to Diminished Serum TNF-a Level in the Serum

As mentioned earlier, luteolin, quercetin, apigenin, and kaempferol, the most impor-
tant flavonoids identified in BC-GTE when assessed independently, were reported to have
immunomodulatory and anti-inflammatory properties. Other studies indicated that the
stimulation of the innate immune system through LPS injection could activate microglial
cells. Their morphological changes would be accompanied by secreting pro-inflammatory
cytokines such as TNF-« [13], eventually leading to neuroinflammation [45]. To further sub-
stantiate the anti-inflammatory properties of the BC-GTE, we analyzed the level of TNF-« in
rat serum-specific after LPS injection. We observed that in the BC-GTE pretreated animals,
the serum-specific concentration of TNF-a appeared significantly diminished compared to
the control animals or the BC-GTE non-pretreated control individuals (Figure 4). Moreover,
we could not detect TNF-« in three types of samples: (i) the “saline” group, where animals
were pretreated with the solvent mix of the BC-GTE and the LPS was replaced with the
saline injection; (ii) the control animals before LPS injection; and (iii) the animals pretreated
with BC-GTE before LPS injection. Our results indicated that the pretreatment with BC-
GTE prevented the rise of the circulating TNF-« levels following LPS injection, further
suggesting that the BC-GTE would possess a relevant anti-neuroinflammatory effect.
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Figure 3. Experimental data presenting the physiological effects of BC-GTE on LPS-induced adult
rats. The microglial cell body swelling (B, C). Abbreviations: BC-GTE—extract treated animal group;
(***) p < 0.001 control vs. BC-GTE group; (*) p < 0.01 control vs. saline group. The values are
mean + SEM, n = 30-60. Scale bar: 10 pm.
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Figure 4. Experimental data presenting the serum TNF-« levels of BC-GTE on LPS-induced adult
rats. Abbreviations: BC-GTE—extract treated animal group; ND—not detected. (***) p < 0.001 control
vs. BC-GTE group. The values are mean & SEM, n = 6.

3. Materials and Methods
3.1. Preparation of BC-GTE

Fresh buds of BC were harvested annually around the February-March period in
Cluj, Romania, from an organic crop culture (ECOINSPECT certificate Ro-008) for three
consecutive years. Each time the extractions were performed at cold temperatures by
periodic mixing of the fresh vegetal material with the solvent (96% vol. ethanol—100%
glycerol = 1:1) for 20 days. The extraction ratio was 1:20, while the extracted solutions were
separated from the vegetal rests by decantation and pressing at 400 atm. The obtained
BC-GTEs could be stored at room temperature for at least 2 years without affecting their
total flavonoid content and antioxidant activity.

3.2. UHPLC-ESI-MS Analysis of BC-GTE

A Dionex Ultimate 3000RS UHPLC (ultra high-performance liquid chromatography)
system equipped with a Thermo Accucore C18 column, 100/2.1 with a particle size of
2.6 um, was coupled to a Thermo Q Exactive Orbitrap mass spectrometer equipped with
an electrospray ionization source (ESI), and the measurement accuracy was within 5 ppm.

3.3. Phytochemical Analysis of BC-GTE

The total flavonoid content (TFC) was evaluated by the spectrophotometric method
as described in the Romanian Pharmacopoeia (1993) at 430 nm with AlCl; as a coloring
agent. The flavonoids were determined quantitatively using a Shimadzu Nexera-i HPLC
equipped with Fortis C18 columns (150 x 2.1 mm x 3 pm) and a UV-Vis DAD detector
at 360 nm. The elution was performed with a solvent gradient (see Supplementary Table
S1). The standards for the identification of apigenin, kaempferol, luteolin, and quercetin
were obtained from Phytolab (Germany), while calibration curves were required for their
quantitation (see Table 3). The antioxidant capacity of the BC-GTE was evaluated using
methods such as FRAP (Ferric reducing antioxidant power), CUPRAC (cupric reducing
antioxidant capacity), superoxide radical, and xanthinoxidase inhibition [49-51]. FRAP
and CUPRAC are spectral methods to evaluate the antioxidant capacity. FRAP is the
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ferric-reducing ability of plasma, while CUPRAC is the cupric ion-reducing antioxidant
capacity. All assessments were performed in technical triplicates.

Table 3. Calibration curves data.

Standard Concentration ! Calibration Curve Equation 2 Correlation Factor Detection Limit ! Quantification Limit !
Apigenin 50-360 42,007 x c[ug/mL] -218,952 0.9990 15.6 26.1
Kaempferol 40-300 38,007 x c[ug/mL] + 772,543 0.9799 40.6 81.3
Luteolin 40-300 32,470 x c[ug/mL] + 441,347 0.9945 27.2 54.4
Quercetin 50-400 10,272 x c[ug/mL] + 17,725 0.9926 35 6.9

1 ug/mL. 2 area.

3.4. Cytotoxicity Studies on Drosophila Melanogaster

To assess the putative cytotoxicity of BC-GTE, Drosophila melanogaster-based nutrition
tests were carried out using the wm4h (white mottled 4) mutant strain. These experiments
were performed in parallel at 25 °C and by applying two different dietary conditions: [1]
zero medium (0M) and [2] normal medium (NM). For this reason, synchronized 0-2 h
old embryos were collected and placed on the two types of dietary setups, while the
survival of embryos to adulthood was monitored. The number of adults was scored daily
until no hatched adults were found. Meanwhile, the BC-GTE was assessed at 5 different
concentrations: 11%, 20%, 33.3%, 42.8%, and 50% (by mixing 0.5 mL, 1 mL, 2 mL, 3 mL,
and 4 mL of the GTE stock solution with 4 mL of both OM and NM culture media). It is
important to pinpoint that the wm4h individuals tested had the same genotype and age,
and the experiments were conducted in triplicates. Thus, approximately 1000 embryos were
examined for each evaluated BC-GTE concentration, ensuring that the results obtained
were fully comparable.

3.5. Rattus Norvegicus Based Experimental Design

Eight months old, male Wistar rats were housed in groups (2 animals/cage) so that a
standard laboratory diet and water were provided ad libitum at a 12 h light/dark cycle.
The animals were randomly divided into three groups, of which two were the saline group
(n = 6), the control group (C, n = 6), and the BC-GTE group (n = 6). The saline group and the
control group received a diluted stock solution that contained 40% ethanol, 40% vegetable
glycerin, and 20% water. The third group (BC-GTE) received a specific drink: a diluted
stock solution of BC-GTE having 40% ethanol, 40% vegetable glycerin, and 20% BC bud
material extract for 4 weeks. The contents of the drinking vessels were replaced daily with
250 mL of freshly prepared drinks, while the stock solutions were diluted at 1:7500 based
on the recommendations of the gemmotherapy literature [52].

All experimental procedures on animals were approved by the Animal Examination
Ethics Council of the Animal Protection Advisory Board at Semmelweis University (Bu-
dapest, Hungary), which fully complied with the principles of EU Directive 2010/63/EU
for animal experiments.

3.6. The LPS-Induced Inflammatory Reaction in Rats

After a four-week long administration period, there were collected blood samples from
the right foot saphenous vein. During the following day, the two groups of animals (Control
and BC-GTE) were administered an intraperitoneal injection of LPS (lipopolysaccharide
from Escherichia coli, Sigma-Aldrich Co., St. Louis, MO, USA) at a dose of 1 mg/kg
body weight. This concentration has been used in most inflammation-related animal
studies [43,53,54]. The third group was injected with saline. Three hours after injection,
blood samples were collected from the left foot saphenous vein and centrifuged at 1500x g
for 15 min at 4 °C. Following the supernatant removal, the samples were kept on ice until
they were assayed.



Molecules 2023, 28, 3571

12 of 17

3.7. Quantification of the Serum Specific TNF-a Levels

The concentrations of TNF-a were measured by a commercial TNF-a ELISA kit, and
the protocol provided by the vendor was followed (#KRC3011, Invitrogen Co., Carlsbad,
CA, USA). We measured the optical density (OD) in each sample with a microplate reader,
and we calculated the mean OD from the triplicates. The OD of the sample was compared
to a standard curve according to the manufacturer’s instructions. The inter- and intra-assay
precisions were <10% (% coefficient of variation).

3.8. Immunohistochemistry Analysis

We sacrificed the animals by transcardial perfusion with saline containing heparin
under CO, anesthesia after 72 h of the LPS injection. The obtained brain samples were
processed for immunohistochemical evaluation and stained with the IBA-1 antibody as
described in [45]. Briefly, immersion-fixed 30 pm sections were pretreated with 0.3% HyO,
and incubated with 1:2500 rabbit-anti IBA-1 (#019-19741, Wako Chemicals GmbH, Neuss,
Germany) in 2% BSA and 0.1% TX overnight at 4 °C. On the next day, we continued the
protocol with 3 x 10 min PBS washing. We used 1:500 goat anti-rabbit secondary antibody
(#8114S, Cell Signaling, Boston, MA, USA) for two hours at room temperature and avidin—
biotin peroxidase complex (#PK-4004, Vectastain ABC Kit, Vector, Burlingame, CA, USA)
for one hour. Sections were DAB-labeled (0.075 mg/mL DAB).

3.9. Analysis of Microglial Activation

Two immunohistochemically labeled pictures per rat were obtained from the hip-
pocampal region-specific CA1 area (20x and 200X, Leica Application Suite V4.12). In
each picture, a square was drawn, covering the equivalent of 50.000 um? in the case of
the original microscopic section, and from 5 to 10 microglial cells were analyzed in each
square. The ramified microglia can transform into an “activated state”, characterized by
swollen ramified cells with a larger cell body and shorter, thicker processes, or alternatively,
the microglia can adopt a “reactive state”, typically characterized by small, spherical cells.
These morphological features of the immunostained microglia were assessed by image
analysis software (Fiji, National Institute of Mental Health, Bethesda, MD, USA).

3.10. Statistical Analysis

The Statistica 13.5.0.17 soft was applied to assess the laboratory animal experiments’
specific data. The immunohistochemistry and ELISA (enzyme-linked immunosorbent
assay) results were evaluated using a Student’s t-test. All numerical data were represented
as mean £ SEM (standard error of the mean). Differences were considered significant for
p <0.05.

4. Discussion

In this paper, we present the first analysis of a BC-based GTE obtained from fresh buds.
We report the extract’s chemical composition and demonstrate its anti-neuroinflammato-
ry/neuroprotective effect. In addition to its significant antioxidant activity, the studied BC-
GTE contains about 133 phytoconstituents, of which the flavonoids are the most numerous
category, with more than 80 representatives, outnumbering all the other assessed bioactive
compound categories. We also show that quantitatively, the BC-GTE flavonoid profile excels
in luteolin, quercetin, apigenin, and kaempferol, but the presence of rutin and naringenin is
also noticeable. The interference of flavonoids with inflammation and the immune system
has gained much attention in the past decade [55]. For the relevant flavonoids seen in
BC-GTE and when assessed individually, different types of anti-inflammatory properties
could be observed [56-58].

Our study aims to shed light on the possible implication of the BC-GTE in overcoming
neuroinflammation because the flavonoids seen in our extract were revealed to generate
anti-neuroinflammatory properties [14]. Neuroinflammation should be envisioned as a
central nervous system-related immune response that is triggered by injuries, PAMPs
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(pathogen-associated molecular patterns), or DAMPs (damage-associated molecular pat-
terns), and conditions such as hypoxia [59,60]. After initiation, neuroinflammation can
progress to the chronic phase through various factors and mechanisms. Microglial acti-
vation and the subsequent production of chemokines and cytokines are involved in the
recruitment of further innate and adaptive immune cells to the inflammatory site(s) [61].
If the initial phase of a brain injury is not resolved, the above-mentioned scenario con-
tinues since no suppression/inhibition occurs. Following the establishment of chronic
neuroinflammation, the aggravation of brain-related pathological conditions facilitates
the irreversible progression of neurodegenerative diseases and psycho-affective disorders.
According to our current knowledge, the microglia are the principal innate immune cells
distributed all over the brain and regulate brain homeostasis, including all aspects of
neuroinflammation, starting from the initial injury responses and ultimately protecting
against PAMPs and DAMPs [62]. During the initiation of neuroinflammation, microglia are
activated, reaching a pro-inflammatory status through different cellular mechanisms. This
is accompanied by relevant morphological and secretory changes, which are meant to re-
store brain homeostasis but could also be considered markers indicating the progression of
neuroinflammation. It is well known that flavonoids such as luteolin [63], quercetin [21,22],
apigenin [25,26], kaempferol [28], rutin [63], and naringenin [64] have been reported to
inhibit the microglia activation, which plays a crucial role in neuroinflammation. The pres-
ence of these flavonoids in the BC-GTE, we decided to assess the anti-neuroinflammatory
effect of the BC-GTE led to an assessment of their anti-neuroinflammatory effect upon LPS
induction. Several already reported mice- and rat-based experiments clearly demonstrated
that the peripheral inflammatory LPS stimuli would cause brain-specific microglial acti-
vation associated with an increased serum-specific TNF-« protein level [13]. It has been
demonstrated that under in vitro conditions, microglia but not astrocytes produce TNF-«
due to LPS induction. This means that the TNF-« level could be considered indicative of
microglial activation and neuroinflammation [65].

The above-mentioned experimental approach successfully recapitulates neuroinflam-
mation in laboratory conditions. Therefore, it could serve as a valuable tool for defining
novel therapeutic strategies to treat/prevent neurodegenerative diseases and/or psycho-
affective disorders with inflammatory components [42]. Our reported experiments indi-
cated that the BC-GTE administered before LPS injection would prevent to some extent the
transformation of hippocampal microglia, which is further corroborated by the reduced
serum specific TNF-« level. Therefore, our results suggested that the BC-GTE, through
its phytoconstituent profile, could overcome the early phase of neuroinflammation, prob-
ably by not prolonging the pro-inflammatory status of microglia. It is also possible that
other compounds of the BC-GTE, such as tryptophan and kynurenic acid, the flavonoid
naringenin [66], or carboxylic acids such as caffeic, ferrulic, jasmonic, chlorogenic, and
a-linoleic acids, might induce further neuroprotective mechanisms that would mitigate the
progression of neuroinflammation.

5. Conclusions

Our research was based on a standardized BC-GTE whose phytonutrient profile was
thoroughly analyzed both qualitatively and quantitatively. This approach could provide
much-needed consistency and continuity for future studies. In addition to flavonoids, the
BC-GTE contained other polyphenols, carboxylic acids, and essential amino acids and fea-
tured nutritive properties as revealed by Drosophila melanogaster tests. The administration
of BC-GTE prior to the LPS-induced neuroinflammation appeared to decrease microglia
activation in the adult rat brains and the serum-specific TNF-u« levels. These latter results
are promising but, based more on a pilot study, would require in-depth analyses regarding
the elicited anti-neuroinflammatory effect. Though further studies are needed to define
the cellular mechanisms behind the generated biological effects, the BC-GTE-based ap-
proach holds the promise of complex therapy in the case of damaged brain functions and
related diseases.
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